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Whereas many cases of neurodegenerative disease feature the abnormal accumulation 
of protein, an abundance of recent literature highlights loss of RNA homeostasis as 
a ubiquitous and central feature of pathological states. In some diseases expanded 
repeats have been identified in non-coding regions of disease-associated transcripts, 
calling into question the relevance of protein in the disease mechanism. We review the 
literature in support of a hypothesis that intrinsically disordered proteins (proteins that 
lack a stable three dimensional conformation) are particularly sensitive to an age-related 
decline in maintenance of protein homeostasis. The potential consequences for structurally 
disordered RNA-binding proteins are explored, including their aggregation into complexes 
that could be transmitted through a prion-like mechanism. We propose that the spread 
of ribonucleoprotein complexes through the nervous system could propagate a neuronal 
error catastrophe at the level of RNA metabolism. 
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INTRODUCTION 

Being comprised largely of postmitotic neurons that must persist 
for a lifetime, the central nervous system is at risk for dam- 
age that would be less dire in tissues wherein stem cells can be 
effectively mobilized. The accumulation of damage has important 
implications for neurodegenerative disease pathogenesis and may 
be responsible for features of the aged brain below the level of 
overt pathology. A hallmark of aged and diseased neurons is the 
aggregation of damaged or misfolded proteins, and it has long 
been thought that loss of protein homeostasis plays an impor- 
tant role in neurodegenerative disease (Gray etal., 2003). Recent 
literature highlights the loss of RNA homeostasis as a recurrent 
theme in neurodegenerative disease and while it is possible to 
imagine how the failure of regulation at either the RNA or pro- 
tein level could be catastrophic for neurons, a better course might 
be to consider how these failures may be related mechanistically. 
RNA and protein have linkages beyond the directional flow of 
information from DNA to RNA to protein (the "central dogma" 
of biology). Indeed we will argue that complexes of RNA and 
protein mediate all aspects of RNA metabolism (including splic- 
ing, stability, transport, and translation) and are the weak link 
in the maintenance of neuronal homeostasis. Crucial to these 
interactions are intrinsically disordered proteins. With age-related 
decline in proteolytic efficiency the turnover and regulation of 
ribonucleoprotein complexes may become increasingly dysfunc- 
tional, and what ensues may be an "error catastrophe" of a type not 
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anticipated by Orgel when he first coined the term (Orgel, 1963). 
There is already substantial evidence for this model in a subset of 
neurodegenerative disorders, and we postulate that this may serve 
as a template to explain certain aspects of "non-pathological" brain 
aging as well. 

THE PROMINENCE OF RNA-BINDING PROTEINS IN 
AGE-RELATED NEURODEGENERATIVE DISEASES 

Over the preceding several years RNA dysregulation has taken 
center stage in the pathophysiology of neurodegenerative dis- 
eases, most notably amyotrophic lateral sclerosis (ALS; Ugras and 
Shorter, 2012). With the exception of the roughly 20% of familial 
cases and less than 10% of sporadic cases of ALS attributable to 
mutations in the superoxide dismutase 1 (SOD1) gene (Andersen 
and Al-Chalabi, 2011) both sporadic and inherited forms of ALS 
are characterized by the aggregation of the nuclear proteins tar 
DNA binding protein 43 (TDP-43) or fused in sarcoma (FUS). 
TDP-43 and FUS are RNA-binding proteins critically involved in 
RNA splicing and transport. Loss of these functions is considered 
to be central to ALS pathogenesis. Moreover, the most common 
genetic basis of ALS is a hexanucleotide repeat expansion in the 
c9orf72 gene on chromosome 9 (Dejesus-Hernandez etal., 2011; 
Renton etal, 2011). The causative mutation in this form of ALS 
resides in an intron, resulting in the generation of an elongated 
RNA with pernicious properties including the ability to sequester 
essential RNA-binding proteins (Mori et al., 2013a). The potential 
also exists for protein-mediated mayhem from the intronic repeat, 
which can be translated through a non-ATG initiated mecha- 
nism to generate potentially toxic dipeptide repeat proteins (Mori 
etal., 2013b). The situation bears some similarity to that of the 
expanded CAG repeat in the huntingtin gene (the genetic basis 
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of Huntington's disease) where an RNA-mediated mechanism has 
only recently been revealed. Binding of the expanded CAG repeat 
to a translational regulatory complex containing the MIDI protein 
was found to enhance the translation of mRNAs containing such 
repeats, promoting the accumulation and aggregation of abnor- 
mal protein (Krauss etal., 2013). In both cases further work will 
be required to establish the relative contributions of RNA and 
protein-mediated mechanisms. 

Other RNA-mediated diseases provide a paradigm for under- 
standing a potential role for RNA-binding proteins in neurodegen- 
erative pathogenesis. These disorders include myotonic dystrophy 
(DM; types 1 and 2), fragile X-associated tremor ataxia syndrome 
(FXTAS), spinocerebellar ataxia types 3, 8, 10, and 12, Hunting- 
ton's disease like 2 (reviewed in Todd and Paulson, 2010), and 
chromosome 9-linked frontotemporal dementia/ ALS (Todd and 
Paulson, 2010; Renton etal., 2011). Unlike their counterparts 
caused by coding region trinucleotide repeat expansions, they 
are all caused by nucleotide repeat expansion mutations in the 
5' UTR, 3' UTR or intronic sequences of mRNAs. The result- 
ing expansion alters the RNA which forms complex secondary 
structures including hairpin loops, rendering them prone to aggre- 
gation. Indeed, the formation of microscopically visible "RNA 
foci" represents a histomorphological hallmark of this family of 
diseases (Taneja et al, 1995). These expansion-induced alterations 
also confer upon the mutant RNA a "gain-of-toxic function". This 
RNA-induced toxicity is mediated in large part by the sequestra- 
tion of RNA-binding proteins, most notably RNA splicing factors, 
with consequent widespread mis-splicing events. DM1, charac- 
terized by muscle wasting, myotonia, insulin resistance, cardiac 
conduction defects, cataracts, testicular atrophy, and cognitive 
dysfunction, is one of the first disorders recognized as belong- 
ing to this family. It is caused by a CTG repeat expansion mutation 
in the 3' untranslated region of the DMPK gene (Mahadevan 
etal., 1992). The expanded RNA sequesters RNA splicing factors 
including members of the muscle-blind-like family of proteins, 
MBNL 1, 2, and 3 (Miller etal, 2000), disrupting their normal 
subcellular distribution, and usurping their function. In addition, 
there is pathological upregulation of another RNA-binding pro- 
tein and alternative splicing factor CUG-binding protein 1 (Gallo 
and Spickett, 2010). These RNA splicing factors are involved in 
the alternative splicing of the muscle-specific chloride channel 
(Kino etal., 2009), insulin receptor (Paul etal., 2006), and car- 
diac troponin-T (Warf and Berglund, 2007) transcripts; thereby 
providing a unifying molecular substrate for the seemingly dis- 
parate multisystemic manifestations including myopathy, insulin 
resistance, cardiac conduction defects, respectively. DM1 is also 
characterized by mis-splicing of neuronal transcripts including 
those encoding the NMDAR1 glutamate receptor subunit, the 
microtubule associated protein tau, and the amyloid precur- 
sor protein (Jiang etal, 2004). Accordingly, DM1 is considered 
by many to be at least partly a neurodegenerative disorder as 
patients develop tau-positive neurofibrillary tangles in the brain 
and cognitive dysfunction (Sergeant etal, 2001). Tau-positive 
neurofibrillary pathology is not only encountered in disease states, 
but is also an accompaniment of "normal" aging. Thus, the patho- 
genesis of DM1 provides a salient example of how dysregulation of 
RNA-binding protein function can culminate in cellular changes 



with important implications for neurodegeneration as well as for 
brain aging. 

The factors underlying the particular vulnerability of the cen- 
tral nervous system (CNS) to RNA-mediated toxicity remain to 
be defined. Indeed, the majority of RNA-mediated diseases affect 
predominantly or even exclusively the CNS in an age-dependent 
manner. For example, FXTAS is manifest clinically as late adult 
onset ataxia and cognitive decline (Jacquemont etal., 2003). It 
is caused by an expanded (permutation) CGG repeat (50-200; 
"pre-mutation") in the 5' untranslated region of the FMR-1 
gene (Hagerman and Hagerman, 2004). Pathologically, there is 
neuronal loss with widespread glial and neuronal ubiquitinated 
intranuclear inclusions (Greco etal., 2002). The mutant expanded 
RNA sequesters at least two RNA-binding proteins, hnRNA2/Bl 
and Pur alpha and causes their dysfunction (Jin et al., 2007; Sofola 
etal., 2007). Interestingly, MBNL-1 has also been described in 
FXTAS inclusions (Iwahashi etal., 2006). The concept of selec- 
tive vulnerability of the CNS to RNA-mediated pathology can 
be extended even further to cell populations within the CNS. 
For example, returning to ALS, why motor neurons appear to 
be particularly susceptible to the pathogenic consequences of 
RNA dysregulation is an area of active investigation. Whether 
the demonstration that the novel RNA-binding protein RBM45, is 
sequestered by the neuronal inclusions in this disease has relevance 
for the vulnerability of motor neurons remains to be determined 
(Collins etal, 2012). 

RNA-BINDING PROTEINS ARE INTRINSICALLY DISORDERED 
PROTEINS. AND SERVE AS CRITICAL HUBS 

The conventional manner of conceptualizing the operation of pro- 
teins within cells is in terms of structure-function relationships. 
In other words, it is generally imagined that upon translation a 
protein will adopt some stable structure, which will allow it to 
carry out its function as an enzyme or structural component. 
The "lock and key" metaphor is frequently invoked to describe 
the interaction of an enzyme with its substrate (or an antibody 
with its antigen), though it is recognized that the metaphor 
is inadequate in terms of the flexibility of proteins and their 
propensity to undergo structural changes in response to substrate 
binding and/or post-translational modifications. This textbook 
notion of the structure/function relationship is challenged by the 
growing catalog of proteins that are intrinsically disordered, in 
whole or in part. If the definition of an intrinsically disordered 
protein (IDP) restricts inclusion to those proteins containing dis- 
ordered segments of 30 or more residues, roughly a third of 
eukaryotic proteins would qualify (Ward et al., 2004). Importantly, 
IDPs are over-represented among the family of aggregation-prone 
proteins implicated in neurodegenerative diseases. Disordered seg- 
ments can be predicted with increasing accuracy by web-based 
algorithms such as PONDR-Fit (Xue etal, 2010), DISOPRED2 
(Ward etal, 2004), and Foldlndex (Prilusky etal., 2005). These 
predictions are supported by abundant in vitro evidence from 
structural analytic methodologies such as circular dichroism, solu- 
tion state NMR, and small angle X-ray scattering (Kriwacki etal, 
1997; Dyson and Wright, 2004; Li and Song, 2007; Binolfi etal, 
2012; Tamiola and Mulder, 2012). A recurrent feature of disor- 
dered segments that can be exploited in search algorithms is the 
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distortion of amino acid frequencies in favor of hydrophilic and 
charged residues (at the expense of bulky hydrophobic residues) 
relative to the entire proteome. It is unlikely that a stably folded 
structure can form in the absence of a hydrophobic core, and 
charged side groups will work against the compaction of protein 
structure. 

Whereas some IDPs appear to execute their function in the 
unstructured state (for example the nuclear pore complex proteins 
that form an unstructured "gel" to preclude the unassisted passage 
of other proteins through the pore; Alber et al., 2007; Meinema 
etal., 2011) others undergo a transition to a folded state upon 
binding of specific substrates. A well characterized example of this 
is the p27 (Kipl) protein, whose function is to inactivate a number 
of cyclin-dependent kinases (CDKs) under conditions where cell 
growth and division are undesirable. The p27 protein adopts a 
stable structure upon CDK binding, but that structure is dictated 
by the particular CDK that is bound (Galea et al., 2008). One CDK 
inhibitor is thereby able to interfere with the activity of a number of 
substrates of differing topology (Yoon et al., 2012). The p53 protein 
provides another remarkable example of substrate-induced struc- 
tural pleiotropy - depending on its interaction partner the same 
intrinsically disordered segment of p53 can adopt the structure of 
an alpha helix, a beta sheet, or of various stable folds (Uversky 
etal., 2008). 

Because IDPs have the potential to bind multiple partners with 
high specificity but low affinity they are thought to be ideally 
suited to serve as hub proteins in scale-free networks (the exis- 
tence of hubs is the defining feature of a scale-free network). Hubs 
increase the robustness of networks; random node failure is less 
deleterious to highly connected networks containing hubs, a prop- 
erty exploited in communications networks such as the internet. 
Hubs also serve to shorten the distance between any two nodes, 
increasing the efficiency of network operations (these concepts are 
reviewed in a biological context in Dunker etal, 2005). Though 
hubs provide these benefits, they are of disproportionate impor- 
tance to networks, and in a biological system the loss of a hub 
protein has the potential to be lethal [Jeong etal. (2001) provide 
genetic evidence for the criticality of hub proteins in the yeast 
model system] . The integration of signals and delivery of outputs 
may require the assembly of multi-component complexes, and hub 
proteins often serve as scaffolds for such complexes. The expecta- 
tion would therefore be that there should be a correlation between 
the extent of a protein's disorder and its participation in complex 
formation, a prediction borne out by computational analysis of 
test proteomes (Iakoucheva etal., 2002; Hegyi etal, 2007; Sch- 
lessinger etal., 2007). It is also to be expected that more elaborate 
signaling networks would be required for the additional demands 
of multicellularity and development in metazoans, and that with 
increased requirement for hubs the level of protein disorder should 
be higher in eukaryotes as a class than in prokaryotes. This pre- 
diction is also supported by proteome analysis (Schad etal., 2011). 
Finally, with their promiscuous binding it is reasonable to imagine 
that the abundance of hub proteins should tightly regulated. Thus, 
if IDPs are disproportionately represented in hubs their levels may 
be lower than the remainder of the proteome, another prediction 
in agreement with the available data (Gsponer et al., 2008; Vavouri 
etal., 2009). 



Within the cell RNA molecules exist as topologically complex 
entities with extensive hairpins and loops dictated by intrastrand 
base pairing (for a review see; Holbrook, 2005). RNA is subject to 
many levels of metabolic regulation, influencing its splicing, sta- 
bility, subcellular localization, and translational efficiency. RNA 
regulation is imposed through interacting proteins, but it is incon- 
ceivable that each unique RNA structure could be recognized 
by a set of interacting proteins through "lock and key" mech- 
anisms (this would require many more RNA-binding proteins 
than there are RNA transcripts). The solution to the problem is 
for RNA-binding proteins to be IDPs, typically utilizing unstruc- 
tured segments for RNA recognition, and folding upon binding 
to their RNA interaction partners (Battiste etal, 1996; Mogridge 
etal., 1998). Indeed, an analysis of over 200,000 proteins from 
the Swiss-Prot database using the PONDR VL3E predictor of long 
disordered segments identified the functional category ribonu- 
cleoproteins as most strongly correlated with disorder (Xie et al., 
2007). These proteins contain RNA recognition motifs (RRMs; 
Query etal, 1989; Clery etal, 2008) and regions rich in the 
simple sequence arginine, glycine, glycine (denoted RGG in the 
single letter code; for this reason these elements are referred to 
as RGG motifs; Ohno etal., 1994; Rajyaguru and Parker, 2012). 
Examples of mammalian RGG motif proteins include hnRNP pro- 
teins (Kiledjian and Dreyfuss, 1992; Siomi and Dreyfuss, 1995) 
and the Sm (Brahms etal., 2001; Friesen etal., 2001) proteins 
involved in mRNA splicing. In the context of neurodegenera- 
tive disease, the prominent examples are the TDP-43 (Dammer 
etal., 2012) and FUS/TLS (Sun etal., 2011) proteins, implicated 
in ALS and in frontotemporal dementia in a mutually exclusive 
fashion. 

It is beyond the scope of the current discussion to elaborate 
upon all of the ways in which disordered RNA-binding pro- 
teins can serve as critical network nodes, but as an illustrative 
example consider the case of FUS/TLS (hereafter simply FUS). 
FUS is a conserved protein whose orthologs have been identified 
in the fruit fly (designated cabeza, or caz; Stolow and Haynes, 
1995) and nematode FUST-1 (accession number NP_495483). 
The largest human isoform of FUS is a ubiquitously expressed 
526 amino acid protein whose primary sequence is obviously 
unusual (Figure 1A). The protein is predicted to be almost entirely 
disordered by the available algorithms (Figure IB), with the excep- 
tion of a small central domain. The central segment of FUS is 
thought to mediate binding to nucleic acids (Figure 1C); one of 
the known functions of FUS is as a DNA binding transcription 
factor (Uranishi etal., 2001; Tan etal., 2012). The organization 
of FUS with a structured central domain and flanking unstruc- 
tured regions resembles that of p53 (Uversky and Dunker, 2010), 
whose repertoire of functions includes transcription factor activity 
(Beckerman and Prives, 2010). The preponderance of FUS pub- 
lications, however, relate to its various roles in RNA metabolism. 
FUS is a nuclear/cytoplasmic shuttling protein (Dormann et al., 
2010), with established roles in both subcellular compartments. In 
the nucleus (where the bulk of FUS protein normally resides; Dor- 
mann etal., 2010) FUS associates with the spliceosomal complex 
(Meissner etal, 2003) and is required for the correct process- 
ing of mRNAs such as that encoding Tau (Orozco etal, 2012). 
In the brain FUS associates with nascent RNA transcripts and 
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MASNDYTQQATQSYGAYPTQPGQGYSQQSSQPYGQQSYSGYSQSTDTSGYGQSSYSSYGQSQNTGYGTQS 
TPQGYGSTGGYGSSQSSQSSYGQQSSYPGYGQQPAPSSTSGSYGSSSQSSSYGQPQSGSYSQQPSYGGQQ 
QSYGQQQSYNPPQGYGQQNQYNSSSGGGGGGGGGGNYGQDQSSMSSGGGSGGGYGNQDQSGGGGSGGYGQ 
QDRGGRGRGGSGGGGGGGGGGYNRSSGGYEPRGRGGGRGGRGGMGGSDRGGFNKFGGPRDQGSRHDSEQD 
NSDNNTIFVQGLGENVTIESVADYFKQIGIIKTNKKTGQPMINLYTDRETGKLKGEATVSFDDPPSAKAA 
IDWFDGKEFSGNPIKVSFATRRADFNRGGGNGRGGRGRGGPMGRGGYGGGGSGGGGRGGFPSGGGGGGGQ 
QRAGDWKCPNPTCENMNFSWRNECNQCKAPKPDGPGGGPGGSHMGGNYGDDRRGGRGGYDRGGYRGRGGD 
RGGFRGGRGGGDRGGFGPGKMDSRGEHRQDRRERPY 
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FIGURE 1 | Fused in sarcoma as an intrinsically disordered RNA- 
binding protein. (A) Primary sequence of the 526 amino acid isoform 
of human FUS. Relative to all predicted protein sequences (using data 
from the UniProt KB/Swiss-Prot database, release 2011_09) the FUS 
sequence contains an unusually high proportion of some residues, 
while being deficient in others. Some examples are indicated by colored 
letters: glycine (G, orange) and glutamine (Q, red) are more abundant than 
expected, representing 28.7% of FUS resides as opposed to 71 % in 
database proteins in the case of glycine, and 9.9% of FUS resides as 
opposed to 3.9% in database proteins in the case of glutamine. Lysine, on 
the other hand, is less abundant than the average, representing only 2.7% of 
FUS residues as opposed to 7.2% of proteins in the database. (B) Disorder in 



the FUS protein as predicted by the Foldlndex algorithm (available at 
http://bip.weizmann.ac.il/fldbin/findex). Only a central portion of approximately 
50 residues (indicated in green) is predicted to have a stably folded structure. 
(C) Domain organization of FUS. The folded domain corresponds to a region 
with nucleic acid binding properties (designated the RRM, or RNA recognition 
motif, though this region may also bind DNA). There are regions rich in the 
amino acids indicated by their single letter codes, as well as domains rich in 
the simple repeat arginine, glycine, glycine (RGG). ZnF indicates a putative 
zinc finger motif (Iko etal., 2004). NES represents a region with nuclear 
export activity, while NLS represents the nuclear localization signal. This 
schematic is adapted from a similar figure in the review of Lagier-Tourenne 
and Cleveland (2009). 



regulates alternative splicing (Ishigaki etal, 2012; Rogelj etal, 
2012). Depletion of FUS by stereotactic delivery of antisense 
oligonucleotides into the adult mouse brain has been shown to 
alter the splicing of nearly 1 ,000 transcripts (Lagier-Tourenne et al., 

2012) . Nuclear FUS also plays a role in telomere maintenance by 
binding to G-quadruplexes (stacked tetrads of guanine residues) 
that exist in telomeric DNA and in telomeric repeat-containing 
RNAs associated with the telomerase complex (Takahama et al., 

2013) . The formation of G-quadruplexes has recently been doc- 
umented in the disease-associated G-rich repeats of the C9orf72 
RNA, which have been shown to associate with a subset of RNA- 
binding proteins (Reddy etal, 2013). It is not yet known whether 
FUS is a member of this group or to what extent the quadru- 
plex figures in C9orf72-mediated pathology. In the cytoplasm 
of neurons FUS is involved in RNA transport to synapses (Fujii 
and Takumi, 2005) and translational regulation at this site. Mice 
lacking FUS have abnormal dendritic morphology and a decrease 
in the number of dendritic spines (Fujii etal., 2005). FUS does 



not bind all RNAs, but binds a specific subset, many of which 
contain a GUGG motif (Lerga etal., 2001; Lagier-Tourenne etal, 
2012). Many of the RNAs bound by FUS encode products that are 
themselves associated with transcriptional or post-transcriptional 
regulation (Colombrita etal., 2012; Lagier-Tourenne etal., 2012). 
Overexpression of FUS is toxic to cells in culture and to neurons 
in situ (Mitchell etal., 2012), promoting excessive accumula- 
tion of FUS in the cytoplasm and the formation of cytoplasmic 
aggregates of characteristic appearance. The toxicity of overex- 
pressed FUS has similarities to the toxicity of the mutant isoforms 
of FUS identified in human ALS; pathogenic FUS mutations 
typically affect the C terminal region of FUS (Mackenzie et al., 
2010), which is required for nuclear localization (Dormann etal, 
2010). There is evidence that RNA-binding is critical for FUS 
toxicity: mutations affecting RNA binding eliminate FUS aggre- 
gation and toxicity in a yeast model system (Sun etal., 2011) 
and toxicity can be suppressed by co-expression of RNA-binding 
components of mRNPs and stress granules (Ju etal, 2011; Sun 
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etal., 2011). In summary then, FUS is an IDP that influences 
RNA homeostasis both in the nucleus and cytoplasm through 
its interactions with RNA and a large number of RNA-binding 
partners. FUS has all the expected properties of a hub as out- 
lined above: it is largely disordered and binds multiple partners 
with high specificity, its abundance is limited, and it receives 
input from multiple signaling networks. As a hub protein FUS is 
indeed a critical node; dysregulation of FUS adversely affects RNA 
metabolism at multiple levels and results in neurodegenerative 
disease. 

IDPs ARE PR0TEAS0ME SUBSTRATES, AND ARE 
VULNERABLE TO AGE-RELATED PROTEOLYTIC DEFICIENCY 

Eukaryotic cells possess two major proteolytic systems, both of 
which are essential for neuronal homeostasis (Rubinsztein, 2006). 
The autophagic system utilizes membrane-delimited vesicles to 
recycle cell constituents into their component parts (Harris and 
Rubinsztein, 2012), but does so relatively slowly (it may take 
hours to engulf and disassemble a complex structure such as 
a mitochondrion). Because its substrates must be enclosed in 
membranes autophagic degradation is restricted to cytoplasmic 
constituents. The ubiquitin/proteasome system (UPS) operates 
in the nucleus and cytoplasm, and is responsible for the rapid 
degradation of individual proteins rather than more complex 
assemblages (Schwartz and Ciechanover, 2009). The UPS can 
display a high degree of specificity, which is attributable to 
the large number of enzymes dedicated to substrate recognition 
(including hundreds of ubiquitin ligases acting in concert with 
a much smaller number of ubiquitin conjugating enzymes to 
build ubiquitin chains on substrates). This elaborate enzymol- 
ogy orchestrates the delivery of specific substrates to the 26S 
proteasome, a complex molecular machine capable of unfold- 
ing incoming substrates and cleaving them into short peptides. 
Ubiquitin chain recognition and adenosine triphosphate (ATP)- 
dependent unfolding activity reside within the 19S lid structures 
of the 26S proteasome (Gallastegui and Groll, 2010). The active 
proteases reside within the interior of the 20S core protea- 
some, a barrel-shaped structure with narrow portals at each 
end. These entry pores can be gated by the disordered tails 
of subunit proteins (Groll etal, 2000). Folded proteins can- 
not pass through these pores, which can only accommodate a 
linear polypeptide chain. The cell contains an appreciable num- 
ber of 20S core proteasomes, whose only substrates can be 
disordered proteins, or disordered segments of proteins. Such 
substrates could be degraded without prior ubiquitination (an 
energy-dependent activity that directs substrates to the 26S, not 
the 20S proteasome) and without unfolding; degradation of 
IDPs would therefore occur without any cost in ATP hydroly- 
sis. It is therefore very straightforward to assay for this form 
of degradation in vitro - it will occur when substrates are 
mixed with purified 20S proteasomes. Testing of specific sub- 
strates predicted to be IDPs (the p21 protein, or a-synuclein, 
for example) has confirmed that they are efficiently degraded in 
this fashion (Sheaff etal, 2000; Tofaris etal, 2001; Baugh etal, 
2009). Susceptibility to degradation by the 20S proteasome has 
been proposed as the operational definition of an IDP (Tsvetkov 
etal., 2008), an experimental approach to complement physical 



and computational methodologies. Thermal stability is a second 
easily measured parameter which correlates well with suscepti- 
bility to 20S proteasomal degradation in vitro (Tsvetkov etal., 
2012). 

The vulnerability of IDPs to proteasomal degradation is such 
that in uncomplexed form they may be rapidly eliminated within 
cells; association with molecular "nannies" has been hypothesized 
as a protective mechanism (Tsvetkov etal., 2009). As mentioned 
previously the abundance of IDPs is typically low (a desirable 
state for proteins acting as hubs in regulatory networks), and 
20S proteasomal degradation may be one mechanism that lim- 
its the abundance of uncomplexed IDPs. If so, any decline in 
the abundance or enzymatic efficiency of 20S proteasomes would 
lead to accumulation of uncomplexed IDPs, with two potentially 
deleterious consequences. First, one would expect perturbations 
in the stoichiometry of complex formation. For a single RNA- 
binding protein such as FUS the consequences of decreased 
proteasomal degradation might include alterations in transcrip- 
tional elongation, mRNA splicing, mRNA stability, mRNA export, 
mRNA transport, and mRNA translation! Though little is cur- 
rently known about the regulation of the FUS RNA itself it is 
known to be a binding partner of the TDP-43 protein (Seph- 
ton etal., 2011), and it is conceivable that abnormalities in one 
RNA-binding protein could affect the other with more global 
consequences. Indeed it is easy to imagine how perturbation of 
FUS levels could generate a vicious cycle of RNA dysregulation. 
Inefficient turnover of FUS by the proteasome may also promote 
the formation of FUS aggregates. Molecular crowding of a pro- 
tein like FUS may be sufficient to promote its aggregation (though 
aggregation is also influenced by post-translational modification 
of FUS including arginine methylation; Dormann etal, 2012). 
Once formed, aggregates of RNA-binding IDPs maybe difficult for 
the proteasome to disassemble and degrade; autophagy may be the 
only option for clearance of aggregated IDPs (Figure 3B). There 
is evidence that pharmacological enhancement of autophagy 
reduces the number of inclusions and corresponding loss of 
motor function in a transgenic model of TDP-43 proteinopathy 
(Wang etal., 2012). 

The event that could trigger these proposed molecular cat- 
aclysms may be nothing more than an age-related decline in 
proteasomal activity. Indeed the conditional knockout of a pro- 
teasome subunit in motor neurons effectively phenocopies ALS 
in mice, with aggregation of TDP-43 and FUS positive inclu- 
sions in spinal motor neurons (Tashiro etal., 2012). Knockout 
of an autophagic component did not have this effect. The age- 
related decline of ubiquitin-mediated proteolysis has been well 
documented in the mammalian brain (reviewed in Gray etal., 
2003). Even in the "healthy" aging brain (in individuals not 
diagnosed with neurodegenerative disease) there are indications 
of pathologic change. Of particular relevance to the ubiquitin- 
proteasome system is the age-related accumulation of ubiquitin- 
immunoreactive neuronal inclusion bodies which share features 
with their counterparts in neurodegenerative disorders (Dickson 
etal., 1990; Gray etal, 2003). Marinesco bodies (MBs) provide a 
morphological metaphor for the blurred interface between nor- 
mal and pathological brain aging. MBs are spherical intranuclear 
inclusions (Figure 2) found in the catecholaminergic neurons of 
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FIGURE 2 | Pigmented dopaminergic neurons in the substantia nigra from aged, non-diseases subjects containing intranuclear MBs (arrows) 
immunoreactive for promyelocytic leukemia protein (PML; A) and ubiquitin (B). 




processing, 
nslation 



prion-like spread 



FIGURE 3 | RNA-binding IDPs as a weak in link in age-related 
neurodegeneration. In healthy neurons (A) the abundance of IDPs 
is limited by the 20S proteasome, which can mediate proteolytic 
degradation in a ubiquitin-independent manner. With the decline of 
proteolytic efficiency in the aged brain (B) there is accumulation of 



RNA-binding IDPs, which can promote aggregation and/or abnormalities in 
RNA metabolism. The potential exists for feedback loops of escalating 
dysfunction as abnormal IDPs are produced. If aggregates are not cleared by 
autophagy the potential also exists for the spread of dysfunction to other 
neurons through prion-like mechanisms. 



the substantia nigra and locus coeruleus of the non-diseased pri- 
mate brain (Yuen and Baxter, 1963). Their frequency increases 
significantly with age. In addition to ubiquitin, these structures 
contain a variety of additional UPS-related proteins including p62, 
EDD1, NEDD8, NUB1, SUMO-1, and SUMO-2 (Odagiri etal, 



2012). Despite their morphological and biochemical similarity 
to the intranuclear inclusion bodies that characterize some 
neurodegenerative disorders, including the polyglutamine repeat 
disorders and neuronal intranuclear inclusion body disease, they 
have long been considered inert, non-pathological entities. More 
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recent studies, however, have demonstrated that their appear- 
ance correlates with age-associated dopaminergic denervation 
of the striatum (Beach etal., 2004) and nigral neuronal degen- 
eration (Kanaan etal., 2007). Thus, MBs may either directly 
impose, or alternatively represent markers of, pernicious cel- 
lular events related to proteolytic failure in the aging CNS. 
Whether the same holds true for the numerous other types of 
ubiquitin-positive inclusions that have been described in the 
aging non-diseased human brain (Gray etal., 2003) is unknown. 
Moreover, whether MBs sequester RNA-binding proteins has not 
been studied. However, studies have demonstrated a significant 
increase in their frequency in the RNA-mediated disorder DM 
(Ono etal., 1987). The apparent stochasticity of this process may 
reflect the fact that in the otherwise healthy aging brain individ- 
ual neurons may reach the "tipping point" for the RNA crisis at 
different times. 

PERTURBATION OF RNA HOMEOSTASIS MAY SPREAD 
THROUGH PRION-LIKE MECHANISMS 

Age-related decline in protein degradation may contribute to 
an RNA homeostatic crisis by promoting the accumulation of 
RNA-binding IDPs as described above, but recent speculation on 
mechanisms by which the pathology of neurodegenerative dis- 
eases may spread within an individual has increased the potential 
for IDP-mediated devastation. It has long been known that patho- 
logical changes in the nervous system follow anatomical patterns 
of spread that are stereotypic for each disease. In the case of spo- 
radic Parkinson's disease, for example, Braak etal. (2002) have 
proposed a staging system wherein alpha-synuclein aggregates in 
the olfactory neurons and brainstem are detected at an early stage. 
Only at later stages is there detection of Lewy bodies in the sub- 
stantia nigra (the hallmark of PD). Braak has proposed that the 
initial insult may occur at distant sites in the gut or olfactory 
epithelium, and may spread via long unmyelinated axons to the 
brain (Hawkes etal., 2007). Although this mechanism is still very 
controversial, similar mechanisms have been proposed to explain 
temporal changes in cortex and striatum that are characteristic 
of Huntington's disease and the spread of neurofibrillary tangles 
from hippocampus and associated structures to the neocortex in 
Alzheimer's disease (Brundin etal., 2010; Cushman etal., 2010; 
Guest etal., 2011; Walker and Levine, 2012). The hypothesized 
mechanism of spread in all cases is cell to cell transmission of 
a prion-like entity: a small aggregate that would be released by 
exocytosis on exosomes, cell lysis or transmitted by other means 
(for example direct transfer through nanotubes; Gousset etal, 
2009). There is accumulating evidence that protein aggregates 



can be taken up by cells (Lee etal., 2008; Angot etal, 2012), 
and once this occurs it is plausible that the incoming aggregate 
would seed further aggregation in the recipient cell. Could the 
intrinsically disordered, aggregation-prone RNA-binding proteins 
be transmitted in this fashion? Already there is both computa- 
tional and experimental evidence in favor of this idea. A hidden 
Markov model algorithm has been developed based on known 
yeast prion sequences (Alberti etal., 2009). When applied to the 
human proteome this algorithm ranked FUS protein 15th in its 
list of predicted prions (Cushman etal, 2010). The TDP-43 pro- 
tein has been shown to template prion-like self-assembly in vitro 
(Furukawa etal., 2011). It remains to be demonstrated that RNA 
dysregulation can be transmitted from cell to cell through aggre- 
gated RNA-binding IDPs, but this would provide a route through 
which a rare stochastic calamity in one cell could be propagated 
to adjacent (and perhaps distant) bystanders (Figure 3). It may 
be that age-related decline in proteolytic capacity could trigger 
the initial aggregation of the IDP, even in the absence of somatic 
mutations. 

CONCLUSION 

Based on the current literature we suggest that RNA homeostasis 
is a weak link in the aging brain, and the loss of RNA homeostasis 
underlies much neurodegenerative pathology. The precipitating 
event for an ensuing catastrophe may be the well-documented 
decline in proteolytic efficiency which would have immediate 
and deleterious effects on substrates such as the RNA-binding 
IDPs. In such a scenario the initiation of an "error catastrophe" 
in which aggregation of RNA-binding proteins promotes dysreg- 
ulation of RNA splicing, RNA stability, RNA export, transport 
and translation would have knock-on effects on protein struc- 
ture and function. The added burden to the proteasome and 
compromised function of proteolytic components would result 
in further perturbation of RNA homeostasis in a self-amplifying 
cycle. This catastrophe may be exported to neighboring cells 
through the prion-like spread of ribonucleoprotein complexes. 
We believe that the hypothesized mechanism of age-related neu- 
rodegeneration is experimentally tractable, and critical aspects 
of the hypothesis can be tested using mouse models and cell 
culture systems. 

ACKNOWLEDGMENTS 

The authors are grateful to Professor Tom Kirkwood CBE for crit- 
ical reading of the manuscript. The authors are supported by the 
Institute of Aging, Canadian Institutes of Health Research in the 
form of operating grant MOP-57737. 



REFERENCES 

Alber, R, Dokudovskaya, S., Veenhoff, 
L. M., Zhang, W., Kipper, J., Devos, 
D., et al. (2007). The molecular archi- 
tecture of the nuclear pore complex. 
Nature 450, 695-701. doi: 10.1038/ 
nature06405 

Alberti, S., Halfmann, R., King, O., 
Kapila, A., and Lindquist, S. (2009). 
A systematic survey identifies pri- 
ons and illuminates sequence features 
of prionogenic proteins. Cell 137, 



146-158. doi: 10.1016/j.cell.2009. 
02.044 

Andersen, P. M., and Al-Chalabi, A. 
(2011). Clinical genetics of amy- 
otrophic lateral sclerosis: what do we 
really know? Nat. Rev. Neurol. 7, 603- 
615. doi: 10.1038/nrneurol.201 1.150 

Angot, E., Steiner, J. A., Lema Tome, 
C. M., Ekstrom, P., Mattsson, B., 
Bjorklund, A., etal. (2012). Alpha- 
synuclein cell-to-cell transfer and 
seeding in grafted dopaminergic 



neurons in vivo. PLoS ONE 
7:e39465. doi: 10.1371/journal.pone. 
0039465 

Battiste, J. L., Mao, H., Rao, N. S., 
Tan, R., Muhandiram, D. R., Kay, 
L. E., etal. (1996). Alpha helix- 
RNA major groove recognition in an 
HIV-1 rev peptide-RRE RNA com- 
plex. Science 273, 1547-1551. doi: 
10.1 126/science.273. 5281. 1547 

Baugh, J. M., Viktorova, E. G., and 
Pilipenko, E. V. (2009). Proteasomes 



can degrade a significant proportion 
of cellular proteins independent of 
ubiquitination. /. Mol. Biol. 386, 814- 
827. doi: 10.1016/j.jmb.2008. 12.081 
Beach, T. G., Walker, D. G, Sue, 
L. I., Newell, A., Adler, C. C, 
and Joyce, J. N. (2004). Sub- 
stantia nigra Marinesco bodies are 
associated with decreased striatal 
expression of dopaminergic mark- 
ers. /. Neuropathol. Exp. Neurol. 63, 
329-337. 



www.frontiersin.org 



August 2013 | Volume 4 | Article 149 | 7 



Gray and Woulfe 



Consequences of intrinsic disorder in RNA-binding proteins 



Beckerman, R., and Prives, C. (2010). 
Transcriptional regulation by p53. 
Cold Spring Hark Perspect. Biol. 2, 
a000935. doi: 10.1101/cshperspect. 
a000935 

Binolfi, A., Theillet, F. X., and 
Selenko, P. (2012). Bacterial in- 
cell NMR of human alpha-synuclein: 
a disordered monomer by nature? 
Biochem. Soc. Trans. 40, 950-954. doi: 
10.1042/BST20120096 

Braak, H., Del Tredici, K., Bratzke, 
H., Hamm-Clement, J., Sandmann- 
Keil, D., and Rub, U. (2002). Staging 
of the intracerebral inclusion body 
pathology associated with idiopathic 
Parkinson's disease (preclinical and 
clinical stages). /. Neurol. 249(Suppl. 
3), III/1-5. doi: 10.1007/s00415-002- 
1301-4 

Brahms, H., Meheus, L., De Brabandere, 
V., Fischer, U., and Luhrmann, R. 
(2001). Symmetrical dimethylation 
of arginine residues in spliceosomal 
Sm protein B/B' and the Sm-like pro- 
tein LSm4, and their interaction with 
the SMN protein. RNA 7, 1531-1542. 
doi: 10.1017/S135583820101442X 

Brundin, P., Melki, R., and Kopito, 
R. (2010). Prion-like transmission of 
protein aggregates in neurodegenera- 
tive diseases. Nat. Rev. Mol. Cell Biol. 
11,301-307. doi: 10.1038/nrm2873 

Clery, A., Blatter, M., and Main, F. 
H. (2008). RNA recognition motifs: 
boring? Not quite. Curr. Opin. 
Struct. Biol. 18, 290-298. doi: 
10.1016/j.sbi.2008.04.002 

Collins, M., Riascos, D., Kovalik, 
T., An, J., Krupa, K., Krupa, 
K., etal. (2012). The RNA-binding 
motif 45 (RBM45) protein accumu- 
lates in inclusion bodies in amy- 
otrophic lateral sclerosis (ALS) and 
frontotemporal lobar degeneration 
with TDP-43 inclusions (FTLD- 
TDP) patients. Acta Neuropathol. 
124, 717-732. doi: 10.1007/s00401- 
012-1045-x 

Colombrita, C, Onesto, E., Megiorni, 
F, Pizzuti, A., Baralle, F. E., 
Buratti, E., etal. (2012). TDP-43 
and FUS RNA-binding proteins bind 
distinct sets of cytoplasmic mes- 
senger RNAs and differently regu- 
late their post-transcriptional fate in 
motoneuron-like cells. /. Biol. Chem. 
287, 15635-15647. doi: 10.1074/jbc. 
Ml 11.333450 

Cushman, M., Johnson, B. S., King, 
O. D., Gitler, A. D, and Shorter, 
J. (2010). Prion-like disorders: blur- 
ring the divide between transmissi- 
bility and infectivity. /. Cell Sci. 123, 
1191-1201. doi: 10.1242/jcs.051672 

Dammer, E. B., Fallini, C, Gozal, Y. 
M., Duong, D. M., Rossoll, W., Xu, 
P., etal. (2012). Coaggregation of 



RNA-binding proteins in a model 
of TDP-43 proteinopathy with selec- 
tive RGG motif methylation and a 
role for RRM1 ubiquitination. PLoS 
ONE 7:e38658. doi: 10.1371/jour- 
nal.pone.0038658 
Dejesus-Hernandez, M., Mackenzie, I. 
R., Boeve, B. E, Boxer, A. L., Baker, 
M., Rutherford, N. J., etal. (2011). 
Expanded GGGGCC hexanucleotide 
repeat in noncoding region of 
C90RF72 causes chromosome 9p- 
linked FTD and ALS. Neuron 72, 
245-256. doi: 10.1016/j.neuron.2011. 
09.011 

Dickson, D. W., Wertkin, A., Kress, 
Y., Ksiezak-Reding, H., and Yen, 
S. H. (1990). Ubiquitin immunore- 
active structures in normal human 
brains. Distribution and develop- 
mental aspects. Lab. Invest. 63, 87-99. 

Dormann, D., Madl, T, Valori, C. 
F., Bentmann, E., Tahirovic, S., 
Abou-Ajram, C, etal. (2012). Argi- 
nine methylation next to the PY-NLS 
modulates Transportin binding and 
nuclear import of FUS. EMBO J. 
31, 4258-4275. doi: 10.1038/emboj. 
2012.261 

Dormann, D., Rodde, R., Edbauer, D., 
Bentmann, E., Fischer, I., Hruscha, 
A., et al. (2010). ALS-associated fused 
in sarcoma (FUS) mutations dis- 
rupt Transportin-mediated nuclear 
import. EMBO J. 29, 2841-2857. doi: 
10.1038/emboj.2010.143 

Dunker, A. K., Cortese, M. S., Romero, 
P., Iakoucheva, L. M., and Uver- 
sky, V. N. (2005). Flexible nets. The 
roles of intrinsic disorder in pro- 
tein interaction networks. FEBS J. 
272, 5129-5148. doi: lO.llll/j.1742- 
4658.2005.04948.x 

Dyson, H. J., and Wright, P. E. (2004). 
Unfolded proteins and protein fold- 
ing studied by NMR. Chem. Rev. 104, 
3607-3622. doi: 10.1021/cr030403s 

Friesen, W. J., Paushkin, S., Wyce, 
A., Massenet, S., Pesiridis, G. S., 
Van Duyne, G, etal. (2001). The 
methylosome, a 20S complex con- 
taining JBP1 and pICIn, produces 
dimethylarginine-modified Sm pro- 
teins. Mol. Cell. Biol. 21, 8289- 
8300. doi: 10.1128/MCB.21.24.8289- 
8300.2001 

Fujii, R., Okabe, S., Urushido, T, Inoue, 
K., Yoshimura, A., Tachibana, T, 
etal. (2005). The RNA binding pro- 
tein TLS is translocated to dendritic 
spines by mGluR5 activation and reg- 
ulates spine morphology. Curr. Biol. 
15, 587-593. doi: 10.1016/j.cub.2005. 
01.058 

Fujii, R., and Takumi, T. (2005). 
TLS facilitates transport of mRNA 
encoding an actin-stabilizing pro- 
tein to dendritic spines. /. Cell Sci. 



118, 5755-5765. doi: 10.1242/jcs. 
02692 

Furukawa, Y, Kaneko, K., Watanabe, 
S., Yamanaka, K., and Nukina, 
N. (2011). A seeding reaction 
recapitulates intracellular formation 
of Sarkosyl-insoluble transactiva- 
tion response element (TAR) DNA- 
binding protein-43 inclusions. /. 
Biol. Chem. 286, 18664-18672. doi: 
10.1074/jbc.M111.231209 

Galea, C. A., Nourse, A., Wang, Y., 
Sivakolundu, S. G, Heller, W. T, 
and Kriwacki, R. W. (2008). Role 
of intrinsic flexibility in signal trans- 
duction mediated by the cell cycle 
regulator, p27 Kipl. /. Mol. Biol. 376, 
827-838. doi: 10.1016/j.jmb.2007. 
12.016 

Gallastegui, N., and Groll, M. (2010). 
The 26S proteasome: assembly and 
function of a destructive machine. 
Trends Biochem. Sci. 35, 634-642. doi: 
10.1016/j.tibs.2010.05.005 

Gallo, J. M., and Spickett, C. (2010). The 
role of CELF proteins in neurological 
disorders. RNA Biol. 7, 474-479. doi: 
10.4161/rna.7.4.12345 

Gousset, K., Schiff, E., Langevin, C, 
Marijanovic, Z., Caputo, A., Brow- 
man, D. T, et al. (2009). Prions hijack 
tunnelling nanotubes for intercellular 
spread. Nat. Cell Biol. 11, 328-336. 
doi: 10.1038/ncbl841 

Gray, D. A., Tsirigotis, M., and Woulfe, 
J. (2003). Ubiquitin, proteasomes, 
and the aging brain. Sci. Aging 
Knowledge Environ. 2003, RE6. doi: 
10.1126/sageke.2003.34.re6 

Greco, C. M., Hagerman, R. J., Tas- 
sone, E, Chudley, A. E., Del Bigio, 
M. R., Jacquemont, S., etal. (2002). 
Neuronal intranuclear inclusions in 
a new cerebellar tremor/ataxia syn- 
drome among fragile X carriers. Brain 
125, 1760-1771. doi: 10.1093/brain/ 
awfl84 

Groll, M., Bajorek, M., Kohler, A., 
Moroder, L., Rubin, D. M., Huber, 
R., etal. (2000). A gated channel 
into the proteasome core particle. 
Nat. Struct. Biol. 7, 1062-1067. doi: 
10.1038/80992 

Gsponer, J., Futschik, M. E., Teichmann, 
S. A., and Babu, M. M. (2008). Tight 
regulation of unstructured proteins: 
from transcript synthesis to protein 
degradation. Science 322, 1365-1368. 
doi: 10.1126/science.ll63581 

Guest, W. C, Silverman, J. M., 
Pokrishevsky, E., O'neill, M. A., 
Grad, L. I., and Cashman, N. 
R. (2011). Generalization of the 
prion hypothesis to other neurode- 
generative diseases: an imperfect fit. 
/. Toxicol. Environ. Health A 74, 
1433-1459. doi: 10.1080/15287394. 
2011.618967 



Hagerman, P. J., and Hagerman, 
R. J. (2004). Fragile X-associated 
tremor/ataxia syndrome (FXTAS). 
Ment. Retard. Dev. Disabil. Res. 
Rev. 10, 25-30. doi: 10.1002/mrdd. 
20005 

Harris, H, and Rubinsztein, D. C. 
(2012). Control of autophagy as a 
therapy for neurodegenerative dis- 
ease. Nat. Rev. Neurol. 8, 108-117. 
doi: 10.1038/nrneurol.201 1.200 

Hawkes, C. H., Del Tredici, K., 
and Braak, H. (2007). Parkin- 
sons disease: a dual-hit hypothesis. 
Neuropathol. Appl. Neurobiol. 33, 
599-614. doi: 10. 1 1 1 1 365-2990. 
2007.00874.x 

Hegyi, H., Schad, E„ and Tompa, P. 
(2007). Structural disorder promotes 
assembly of protein complexes. BMC 
Struct. Biol. 7, 65. doi: 10.1186/1472- 
6807-7-65 

Holbrook, S. R. (2005). RNA structure: 
the long and the short of it. Curr. 
Opin. Struct. Biol. 15, 302-308. doi: 
10.1016/j.sbi.2005.04.005 

Iakoucheva, L. M., Brown, C. J., Law- 
son, J. D., Obradovic, Z., and 
Dunker, A. K. (2002). Intrinsic dis- 
order in cell-signaling and cancer- 
associated proteins. /. Mol. Biol. 323, 
573-584. doi: 10.1016/S0022-2836 
(02)00969-5 

Iko, Y, Kodama, T. S., Kasai, N., 
Oyama, T, Morita, E. H, Muto, T, 
etal. (2004). Domain architectures 
and characterization of an RNA- 
binding protein, TLS. /. Biol. Chem. 
279, 44834-44840. doi: 10.1074/jbc. 
M408552200 

Ishigaki, S., Masuda, A., Fujioka, Y, 
Iguchi, Y., Katsuno, M., Shibata, 
A., etal. (2012). Position-dependent 
FUS-RNA interactions regulate alter- 
native splicing events and transcrip- 
tions. Sci. Rep. 2, 529. doi: 10.1038/ 
srep00529 

Iwahashi, C. K., Yasui, D. H., An, H. J., 
Greco, C. M., Tassone, E, Nannen, 
K., etal. (2006). Protein composi- 
tion of the intranuclear inclusions 
of FXTAS. Brain 129, 256-271. doi: 
10.1093/brain/awh650 

Jacquemont, S., Hagerman, R. J., Lee- 
hey, M., Grigsby, J., Zhang, L., Brun- 
berg, J. A., et al. (2003). Fragile X pre- 
mutation tremor/ataxia syndrome: 
molecular, clinical, and neuroimag- 
ing correlates. Am. J. Hum. Genet. 72, 
869-878. doi: 10.1086/374321 

Jeong, H, Mason, S. P., Barabasi, A. 
L., and Oltvai, Z. N. (2001). Lethal- 
ity and centrality in protein networks. 
Nature 411, 41-42. doi: 10.1038/ 
35075138 

Jiang, H., Mankodi, A., Swanson, M. 
S., Moxley, R. T, and Thornton, 
C. A. (2004). Myotonic dystrophy 



Frontiers in Genetics | Genetics of Aging 



August 2013 | Volume 4 | Article 149 | 8 



Gray and Woulfe 



Consequences of intrinsic disorder in RNA-binding proteins 



type 1 is associated with nuclear 
foci of mutant RNA, sequestration 
of muscleblind proteins and deregu- 
lated alternative splicing in neurons. 
Hum. Mol. Genet. 13, 3079-3088. doi: 
10.1093/hmg/ddh327 
Jin, P., Duan, R., Qurashi, A., 
Qin, Y., Tian, D., Rosser, T. 
C, etal. (2007). Pur alpha binds 
to rCGG repeats and modulates 
repeat-mediated neurodegeneration 
in a Drosophila model of fragile X 
tremor/ataxia syndrome. Neuron 55, 
556-564. doi: 10.1016/j.neuron.2007. 
07.020 

Ju, S., Tardiff, D. E, Han, H., 
Divya, K., Zhong, Q., Maquat, L. 
E., etal. (2011). A yeast model 
of FUS/TLS-dependent cytotoxicity. 
PLoSBiol 9:el001052. doi: 10.1371/ 
journal.pbio.1001052 

Kanaan, N. M., Kordower, J. H., and 
Collier, T. J. (2007). Age-related accu- 
mulation of Marinesco bodies and 
lipofuscin in rhesus monkey mid- 
brain dopamine neurons: relevance 
to selective neuronal vulnerability. /. 
Comp. Neurol 502, 683-700. doi: 
10.1002/cne.21333 

Kiledjian, M., and Dreyfuss, G. (1992). 
Primary structure and binding activ- 
ity of the hnRNP U protein: binding 
RNA through RGG box. EMBO J. 11, 
2655-2664. 

Kino, Y., Washizu, C, Oma, Y, 
Onishi, H., Nezu, Y, Sasagawa, N., 
etal. (2009). MBNL and CELF pro- 
teins regulate alternative splicing of 
the skeletal muscle chloride chan- 
nel CLCN1. Nucleic Acids Res. 37, 
6477-6490. doi: 10.1093/nar/gkp681 

Krauss, S., Griesche, N., Jastrzebska, E., 
Chen, C, Rutschow, D., Achmuller, 
C, etal. (2013). Translation of HTT 
mRNA with expanded CAG repeats is 
regulated by the MID1-PP2A protein 
complex. Nat. Commun. 4, 1511. doi: 
10.1038/ncomms2514 

Kriwacki, R. W., Wu, J., Tennant, 
L., Wright, P. E., and Siuzdak, G. 
(1997). Probing protein structure 
using biochemical and biophysical 
methods. Proteolysis, matrix-assisted 
laser desorption/ionization mass 
spectrometry, high-performance 
liquid chromatography and size- 
exclusion chromatography of 
p21Wafl/Cipl/Sdil. /. Chromatogr. A 
777, 23-30. doi: 10.1016/S0021-9673 
(97)00527-X 

Lagier-Tourenne, C, and Cleveland, D. 
W. (2009). Rethinking ALS: the FUS 
about TDP-43. Cell 136, 1001-1004. 
doi: 10.1016/j.cell.2009.03.006 

Lagier-Tourenne, C, Polymenidou, M., 
Hutt, K. R., Vu, A. Q., Baughn, M., 
Huelga, S. C, etal. (2012). Divergent 
roles of ALS-linked proteins FUS/TLS 



and TDP-43 intersect in processing 
long pre-mRNAs. Nat. Neurosci. 15, 
1488-1497. doi: 10.1038/nn.3230 

Lee, H. J., Suk, J. E., Bae, E. J., Lee, 
J. H., Paik, S. R., and Lee, S. J. 
(2008). Assembly-dependent endo- 
cytosis and clearance of extracellular 
alpha-synuclein. Int. J. Biochem. Cell 
Biol. 40, 1835-1849. doi: 10.1016/j. 
biocel.2008.01.017 

Lerga, A., Hallier, M., Delva, L., 
Orvain, C, Gallais, I., Marie, J., 
et al. (2001 ) . Identification of an RNA 
binding specificity for the potential 
splicing factor TLS. /. Biol. Chetn. 
276, 6807-6816. doi: 10.1074/jbc. 
M008304200 

Li, M., and Song, J. (2007). The 
N- and C-termini of the human 
Nogo molecules are intrinsically 
unstructured: bioinformatics, CD, 
NMR characterization, and func- 
tional implications. Proteins 68, 100- 
108. doi: 10.1002/prot.21385 

Mackenzie, I. R., Rademakers, R., 
and Neumann, M. (2010). TDP- 
43 and FUS in amyotrophic lateral 
sclerosis and frontotemporal demen- 
tia. Lancet Neurol. 9, 995-1007. doi: 
10.1016/S1474-4422(10)70195-2 

Mahadevan, M., Tsilfidis, C, Sabourin, 
L., Shutler, G., Amemiya, C, Jansen, 
G., etal. (1992). Myotonic dystrophy 
mutation: an unstable CTG repeat 
in the 3' untranslated region of the 
gene. Science 255, 1253-1255. doi: 
10.1126/science.l546325 

Meinema, A. C, Laba, J. K., Hap- 
sari, R. A., Otten, R., Mulder, F. 

A. , Kralt, A., etal. (2011). Long 
unfolded linkers facilitate membrane 
protein import through the nuclear 
pore complex. Science 333, 90-93. 
doi: 10.1126/science.l205741 

Meissner, M., Lopato, S., Gotz- 
mann, J., Sauermann, G., and 
Barta, A. (2003). Proto-oncoprotein 
TLS/FUS is associated to the nuclear 
matrix and complexed with splic- 
ing factors PTB, SRml60, and 
SR proteins. Exp. Cell Res. 283, 
184-195. doi: 10.1016/S0014-4827 
(02)00046-0 

Miller, J. W., Urbinati, C. R., Teng- 
Umnuay, P., Stenberg, M. G., Byrne, 

B. J., Thornton, C. A., etal. (2000). 
Recruitment of human muscleblind 
proteins to (CUG)(n) expansions 
associated with myotonic dystro- 
phy. EMBO J. 19, 4439-4448. doi: 
10.1093/emboj/19.17.4439 

Mitchell, J. C, Mcgoldrick, P., Vance, 

C. Hortobagyi, T, Sreedharan, J., 
Rogelj, B., etal. (2012). Overexpres- 
sion of human wild-type FUS causes 
progressive motor neuron degenera- 
tion in an age- and dose-dependent 
fashion. Acta Neuropathol. 125, 



273-288. doi: 10.1007/s00401-012- 
1043-z 

Mogridge, J., Legault, P., Li, J., Van 
Oene, M. D., Kay, L. E., and Green- 
blatt, J. (1998). Independent ligand- 
induced folding of the RNA-binding 
domain and two functionally distinct 
antitermination regions in the phage 
lambda N protein. Mol. Cell 1, 265- 
275. doi: 10.1016/S1097-2765(00) 
80027-1 

Mori, K., Lammich, S., Mackenzie, 
I. R., Forne, I., Zilow, S., Kret- 
zschmar, H., etal. (2013a). hnRNP 
A3 binds to GGGGCC repeats and is 
a constituent of p62-positive/TDP43- 
negative inclusions in the hip- 
pocampus of patients with C9orf72 
mutations. Acta Neuropathol. 125, 
413-423. doi: 10.1007/s00401-013- 
1088-7 

Mori, K., Weng, S. M., Arzberger, 
T, May, S., Rentzsch, K., Krem- 
mer, E., etal. (2013b). The 
C9orf72 GGGGCC repeat is trans- 
lated into aggregating dipeptide- 
repeat proteins in FTLD/ALS. Science 
339, 1335-1338. doi: 10.1126/sci- 
ence. 1232927 

Odagiri, S., Tanji, K., Mori, E, Kakita, 
A., Takahashi, H., Kamitani, T, 
etal. (2012). Immunohistochemical 
analysis of Marinesco bodies, using 
antibodies against proteins impli- 
cated in the ubiquitin-proteasome 
system, autophagy and aggresome 
formation. Neuropathology 32, 261— 
266. doi: 10. 1 1 1 1440- 1 789.20 1 1 . 
01267.x 

Ohno, T, Ouchida, M., Lee, L., Gatal- 
ica, Z., Rao, V. N., and Reddy, E. S. 
(1994). The EWS gene, involved in 
Ewing family of tumors, malignant 
melanoma of soft parts and desmo- 
plastic small round cell tumors, codes 
for an RNA binding protein with 
novel regulatory domains. Oncogene 
9, 3087-3097. 

Ono, S., Inoue, K., Mannen, T, Kanda, 
F., Jinnai, K., and Takahashi, K. 
(1987). Neuropathological changes 
of the brain in myotonic dystrophy - 
some new observations. /. Neurol. 
Sci. 81, 301-320. doi: 10.1016/0022- 
510X(87)90105-5 

Orgel, L. E. (1963). The maintenance 
of the accuracy of protein synthesis 
and its relevance to ageing. Proc. Natl. 
Acad. Sci. U.S.A. 49, 517-521. doi: 
10.1073/pnas.49.4.517 

Orozco, D., Tahirovic, S., Rentzsch, 
K., Schwenk, B. M., Haass, C, and 
Edbauer, D. (2012). Loss of fused in 
sarcoma (FUS) promotes pathologi- 
cal Tau splicing. EMBO Rep. 13, 759- 
764. doi: 10.1038/embor.2012.90 

Paul, S., Dansithong, W., Kim, D., Rossi, 
J., Webster, N. J., Comai, L., etal. 



(2006) . Interaction of muscleblind, 
CUG-BP1 and hnRNP H proteins 
in DM1 -associated aberrant IR splic- 
ing. EMBO J. 25, 4271-4283. doi: 
10.1038/sj.emboj.7601296 

Prilusky, J., Felder, C. E., Zeev-Ben- 
Mordehai, T, Rydberg, E. H., Man, 
O., Beckmann, J. S., Silman, I., 
et al. (2005). Foldlndex: a simple tool 
to predict whether a given protein 
sequence is intrinsically unfolded. 
Bioinformatics 21, 3435-3438. doi: 
1 0. 1 093/bioinformatics/bti537 

Query, C. C, Bentley, R. C, and 
Keene, J. D. (1989). A common RNA 
recognition motif identified within 
a defined Ul RNA binding domain 
of the 70K Ul snRNP protein. 
Cell 57, 89-101. doi: 10.1016/0092- 
8674(89)90175-X 

Rajyaguru, P., and Parker, R. (2012). 
RGG motif proteins: modulators of 
mRNA functional states. Cell Cycle 
11, 2594-2599. doi: 10.4161/cc.20716 

Reddy, K., Zamiri, B., Stanley, S. Y, 
Macgregor, R. B., Jr., and Pear- 
son, C. E. (2013). The disease- 
associated r(GGGGCC)n repeat from 
the C9orf72 gene forms tract length- 
dependent uni- and multimolecu- 
lar RNA G-quadruplex structures. /. 
Biol. Chetn. 288, 9860-9866. doi: 
10.1074/jbc.C113.452532 

Renton, A. E., Majounie, E., Waite, 
A., Simon-Sanchez, J., Rollinson, 
S., Gibbs, J. R., etal. (2011). A 
hexanucleotide repeat expansion in 
C90RF72 is the cause of chromo- 
some 9p21 -linked ALS-FTD. Neuron 
72, 257-268. doi: 10.1016/j.neuron. 
2011.09.010 

Rogelj, B., Easton, L. E., Bogu, G. K., 
Stanton, L. W., Rot, G., Curk, T, et al. 
(2012). Widespread binding of FUS 
along nascent RNA regulates alterna- 
tive splicing in the brain. Sci. Rep. 2, 
603. doi: 10.1038/srep00603 

Rubinsztein, D. C. (2006). The roles 
of intracellular protein-degradation 
pathways in neurodegeneration. 
Nature 443, 780-786. doi: 10.1038/ 
nature05291 

Schad, E., Tompa, P., and Hegyi, H. 
(2011). The relationship between 
proteome size, structural disorder 
and organism complexity. Genome 
Biol. 12.R120. doi: 10.1 186/gb-201 1- 
12-12-rl20 

Schlessinger, A., Liu, J., and Rost, B. 

(2007) . Natively unstructured loops 
differ from other loops. PLoS Corn- 
put. Biol. 3:el40. doi: 10.1371/jour- 
nal.pcbi.0030140 

Schwartz, A. L., and Ciechanover, 
A. (2009). Targeting proteins 
for destruction by the ubiq- 
uitin system: implications for 
human pathobiology. Annu. Rev. 



www.frontiersin.org 



August 2013 | Volume 4 | Article 149 | 9 



Gray and Woulfe 



Consequences of intrinsic disorder in RNA-binding proteins 



Pharmacol Toxicol 49, 73-96. doi: 
10.1146/annurev.pharmtox. 051208. 
165340 

Sephton, C. E, Cenik, C, Kucuku- 
ral, A., Dammer, E. B., Cenik, B., 
Han, Y., etal. (2011). Identification 
of neuronal RNA targets of TDP-43- 
containing ribonucleoprotein com- 
plexes. /. Biol. Chem. 286, 1204-1215. 
doi: 10.1074/jbc.M110.190884 

Sergeant, N., Sablonniere, B., Schraen- 
Maschke, S., Ghestem, A., Maurage, 
C. A., Wattez, A., etal. (2001). 
Dysregulation of human brain 
microtubule-associated tau mRNA 
maturation in myotonic dystrophy 
type 1. Hum. Mol Genet. 10, 2143- 
2155. doi: 10.1093/hmg/10.19.2143 

Sheaff, R. J., Singer, J. D., Swanger, 
J., Smitherman, M., Roberts, J. M., 
and Clurman, B. E. (2000). Protea- 
somal turnover of p21Cipl does not 
require p21Cipl ubiquitination. Mol 
Cell 5,403-410. doi: 10.1016/S1097- 
2765(00)80435-9 

Siomi, H., and Dreyfuss, G. (1995). A 
nuclear localization domain in the 
hnRNP Al protein. /. Cell Biol 129, 
551-560. doi: 10.1083/jcb.l29. 3.551 

Sofola, O. A., Jin, P., Qin, Y., Duan, R., 
Liu, H., De Haro, M., etal. (2007). 
RNA-binding proteins hnRNP A2/B1 
and CUGBP 1 suppress fragile X CGG 
premutation repeat-induced neu- 
rodegeneration in a Drosophila model 
of FXTAS. Neuron 55, 565-571. doi: 
10.1016/j.neuron.2007.07.021 

Stolow, D. T., and Haynes, S. R. (1995). 
Cabeza, a Drosophila gene encoding 
a novel RNA binding protein, shares 
homology with EWS and TLS, two 
genes involved in human sarcoma 
formation. Nucleic Acids Res. 23, 
835-843. doi: 10.1093/nar/23.5.835 

Sun, Z., Diaz, Z., Fang, X., Hart, 
M. P., Chesi, A., Shorter, J., etal. 

(2011) . Molecular determinants and 
genetic modifiers of aggregation and 
toxicity for the ALS disease protein 
FUS/TLS. PLoSBiol. 9:el000614. doi: 
10.1371/journal.pbio.l000614 

Takahama, K., Takada, A., Tada, S., 
Shimizu, M., Sayama, K., Kurokawa, 
R., et al. (2013). Regulation of telom- 
ere length by G-quadruplex telomere 
DNA- and TERRA-binding protein 
TLS/FUS. Chem. Biol. 20, 341-350. 
doi: 10.1016/j.chembiol.2013.02.013 

Tamiola, K., and Mulder, F. A. 

(2012) . Using NMR chemical shifts 



to calculate the propensity for struc- 
tural order and disorder in proteins. 
Biochem. Soc. Trans. 40, 1014-1020. 
doi: 10.1042/BST20120171 

Tan, A. Y, Riley, T. R., Coady, T., 
Bussemaker, H. J., and Manley, J. 
L. (2012). TLS/FUS (translocated in 
liposarcoma/fused in sarcoma) reg- 
ulates target gene transcription via 
single-stranded DNA response ele- 
ments. Proc. Natl Acad. Sci. U.S.A. 
109, 6030-6035. doi: 10.1073/pnas. 
1203028109 

Taneja, K. L., Mccurrach, M., Schalling, 
M., Housman, D., and Singer, R. H. 
(1995). Foci of trinucleotide repeat 
transcripts in nuclei of myotonic dys- 
trophy cells and tissues. /. Cell Biol. 
128, 995-1002. doi: 10.1083/jcb.l28. 
6.995 

Tashiro, Y, Urushitani, M., Inoue, 

H. , Koike, M., Uchiyama, Y, 
Komatsu, M., etal. (2012). Motor 
neuron-specific disruption of pro- 
teasomes, but not autophagy, 
replicates amyotrophic lateral 
sclerosis. /. Biol. Chem. 287, 42984- 
42994. doi: 10.1074/jbc.M112. 
417600 

Todd, P. K., and Paulson, H. L. 
(2010). RNA-mediated neurodegen- 
eration in repeat expansion disor- 
ders. Ann. Neurol. 67, 291-300. doi: 
10.1002/ana.21948 

Tofaris, G. K., Layfield, R., and Spillan- 
tini, M. G. (2001). alpha-synuclein 
metabolism and aggregation is linked 
to ubiquitin-independent degrada- 
tion by the proteasome. FEBS Lett. 
509, 22-26. doi: 10.1016/S0014- 
5793(01)03115-5 

Tsvetkov, P., Asher, G, Paz, A., 
Reuven, N., Sussman, J. L., Silman, 

I. , etal. (2008). Operational defi- 
nition of intrinsically unstructured 
protein sequences based on suscepti- 
bility to the 20S proteasome. Proteins 
70, 1357-1366. doi: 10.1002/prot. 
21614 

Tsvetkov, P., Myers, N, Moscovitz, O., 
Sharon, M., Prilusky, J., and Shaul, 
Y. (2012). Thermo-resistant intrin- 
sically disordered proteins are effi- 
cient 20S proteasome substrates. Mol. 
Biosyst. 8, 368-373. doi: 10.1039/ 
clmb05283g 

Tsvetkov, P., Reuven, N., and Shaul, Y. 
(2009). The nanny model for IDPs. 
Nat. Chem. Biol. 5, 778-781. doi: 
10.1038/nchembio.233 



Ugras, S. E., and Shorter, J. (2012). 
RNA-binding proteins in amy- 
otrophic lateral sclerosis and 
neurodegeneration. Neurol. Res. 
Int. 2012,432780. doi: 10.1155/2012/ 
432780 

Uranishi, H., Tetsuka, T., Yamashita, 
M., Asamitsu, K., Shimizu, M., Itoh, 
M., etal. (2001). Involvement of the 
pro-oncoprotein TLS (translocated 
in liposarcoma) in nuclear factor- 
kappa B p65-mediated transcription 
as a coactivator. /. Biol. Chem. 
276, 13395-13401. doi: 10.1074/jbc. 
M011176200 

Uversky, V. N., and Dunker, A. K. 
(2010). Understanding protein non- 
folding. Biochim. Biophys. Acta 1804, 
1231-1264. doi: 10.1016/j.bbapap. 
2010.01.017 

Uversky, V. N., Oldfield, C. J., and 
Dunker, A. K. (2008). Intrinsically 
disordered proteins in human dis- 
eases: introducing the D2 concept. 
Annu. Rev. Biophys. 37, 215-246. doi: 
10.1146/annurev.biophys.37.032807. 
125924 

Vavouri, T., Semple, J. I., Garcia- 
Verdugo, R., and Lehner, B. (2009). 
Intrinsic protein disorder and inter- 
action promiscuity are widely associ- 
ated with dosage sensitivity. Cell 138, 
198-208. doi: 10.1016/j.cell.2009. 
04.029 

Walker, L. C, and Levine, H., Ill 
(2012). Corruption and spread of 
pathogenic proteins in neurodegen- 
erative diseases. /. Biol. Chem. 287, 
33109-33115. doi: 10.1074/jbc.R112. 
399378 

Wang, I. E, Guo, B. S., Liu, Y. C, 
Wu, C. C, Yang, C. H., Tsai, K. 
J., etal. (2012). Autophagy activators 
rescue and alleviate pathogenesis of 
a mouse model with proteinopathies 
of the TAR DNA-binding protein 
43. Proc. Natl Acad. Sci. U.S.A. 
109, 15024-15029. doi: 10.1073/ 
pnas.1206362109 

Ward, J. J., Sodhi, J. S., Mcguffin, 
L. J., Buxton, B. E, and Jones, D. 
T. (2004). Prediction and functional 
analysis of native disorder in pro- 
teins from the three kingdoms of 
life. /. Mol. Biol. 337, 635-645. doi: 
10.1016/j.jmb.2004.02.002 

Warf, M. B., and Berglund, J. A. (2007). 
MBNL binds similar RNA structures 
in the CUG repeats of myotonic dys- 
trophy and its pre-mRNA substrate 



cardiac troponin T. RNA 13, 2238- 
2251. doi: 10.1261/rna.610607 

Xie, H., Vucetic, S., Iakoucheva, L. 
M., Oldfield, C. J., Dunker, A. K., 
Uversky, V. N., etal. (2007). Func- 
tional anthology of intrinsic disorder. 
1. Biological processes and func- 
tions of proteins with long disordered 
regions. /. Proteome Res. 6, 1882- 
1898. doi: 10.1021/pr060392u 

Xue, B., Dunbrack, R. L., Williams, 
R. W., Dunker, A. K., and Uver- 
sky, V. N. (2010). PONDR-FIT: a 
meta-predictor of intrinsically dis- 
ordered amino acids. Biochim. Bio- 
phys. Acta 1804, 996-1010. doi: 
10.1016/j.bbapap.2010.01.011 

Yoon, M. K., Mitrea, D. M., Ou, L., 
and Kriwacki, R. W. (2012). Cell 
cycle regulation by the intrinsically 
disordered proteins p21 and p27. 
Biochem. Soc. Trans. 40, 981-988. doi: 
10.1042/BST20120092 

Yuen, P., and Baxter, D. W. (1963). 
The morphology of Marinesco bod- 
ies (paranucleolar corpuscles) in 
the melanin-pigmented nuclei of 
the brain-stem. /. Neurol. Neuro- 
surg. Psychiatry 26, 178-183. doi: 
10.1136/jnnp.26.2.178 

Conflict of Interest Statement: The 

authors declare that the research was 
conducted in the absence of any com- 
mercial or financial relationships that 
could be construed as a potential con- 
flict of interest. 

Received: 27 June 2013; accepted: 19 July 
2013; published online: 14 August 2013. 
Citation: Gray DA and Woulfe J (2013) 
Structural disorder and the loss of RNA 
homeostasis in aging and neurodegener- 
ative disease. Front. Genet. 4:149. doi: 
1 0.3389/fgene.201 3.00149 
This article was submitted to Frontiers in 
Genetics of Aging, a specialty of Frontiers 
in Genetics. 

Copyright © 2013 Gray and Woulfe. 
This is an open-access article dis- 
tributed under the terms of the Creative 
Commons Attribution License (CC BY). 
The use, distribution or reproduction in 
other forums is permitted, provided the 
original author(s) or licensor are cred- 
ited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, dis- 
tribution or reproduction is permitted 
which does not comply with these terms. 



Frontiers in Genetics | Genetics of Aging 



August 2013 | Volume 4 | Article 149 | 10 



